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Shock timing technique for the National Ignition Facility *
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Among the final shots at the Nova laser@Campbellet al., Rev. Sci. Instrum.57, 2101~1986!# was
a series testing the VISAR~velocity interferometry system for any reflector! technique that will be
the primary diagnostic for timing the shocks in a NIF~National Ignition Facility! ignition capsule.
At Nova, the VISAR technique worked over the range of shock strengths and with the precision
required for the NIF shock timing job—shock velocities in liquid D2 from 12 to 65mm/ns with
better than 2% accuracy. VISAR images showed stronger shocks overtaking weaker ones, which is
the basis of the plan for setting the pulse shape for the NIF ignition campaign. The technique is so
precise that VISAR measurements may also play a role in certifying beam-to-beam and shot-to-shot
repeatability of NIF laser pulses. ©2001 American Institute of Physics.
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I. INTRODUCTION

Ignition targets planned for the National Ignition Facili
~NIF! require a pulse shape with a low power foot design
to send a carefully timed series of shocks through the fro
DT ~deuterium–tritium! shell. If the shocks are too closel
spaced, they coalesce within the DT ice; if too wide
spaced, the DT ice decompresses between shocks. Unles
shocks are spaced correctly, the DT winds up on a h
adiabat and fails to reach highrr at the end of the
implosion.1 This paper describes a technique for achiev
this correct shock timing, and experiments that have b
done to verify the approach.

The plan for achieving the proper shock timing~that is,
the proper pulse shape! for a NIF ignition capsule relies on
diagnostic instrument called VISAR2 ~which stands for Ve-
locity Interferometry System for Any Reflector!. A VISAR
looking into liquid hydrogen very accurately measures
speed of an approaching shock; the cold liquid is transpar
while shocked hydrogen is a highly reflective metal.3 Section
II explains how we will use the leading shock measureme
to adjust the laser pulse shape, converging to the pro
pulse for driving an ignition capsule after several timi
shots. Section III discusses the Nova4 VISAR experiments
from March to May of 1999 that demonstrate both the ac
racy and dynamic range we need to carry out our NIF sh
timing plan.

II. NIF SHOCK TIMING PLAN

Four shocks traverse the DT ice main fuel layer in in
rectly driven NIF ignition capsules.5 The first three quarters
of the laser pulse launches this shock sequence in a seri
steps. The strength and timing of the shocks depends on
power and timing of the steps in the laser pulse, but
precise relationship is difficult to compute without expe

*Paper NI3 4, Bull. Am. Phys. Soc.45, 259 ~2000!.
†Invited speaker.
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mental input. Absorption of the laser, conversion to x ra
and x-ray ablation are all complicated processes, and
combined modeling uncertainties may exceed the tolera
of an ignition capsule to errors in pulse shape. Hence,
will use an experimental procedure to find the proper pu
shape.

A typical ignition pulse, shown in Fig. 1, has sever
features designed to control shock timing. The height of
first step sets the crucial first shock strength; once this is
the timing of the steps that launch the second and th
shocks become the most critical parameters. As a rule
thumb, none of the four shocks may coalesce within the
ice layer, and all four must break out of the ice layer in
tight sequence. Since each shock overtakes the previous
if the DT ice layer were thicker, the shocks would begin
coalesce at a depth just inside the actual ice layer thickn
A reasonable design criterion is for the first three shocks
coalesce at a single point and time—about 85mm from the
ablator interface, when the actual ice thickness in the cap
is 80 mm. The fourth shock can overtake the others som
what later.

This coalescence criterion for the first three shocks d
not necessarily provide the optimum pulse, but it does gu
antee adequate shock timing. The overtake depth is actu
a free parameter; the capsule will be well timed over a ra
of coalescence depths of several microns.

How accurately must the first three shocks coalesce
order for the capsule to ignite? Studies of capsule sensiti
indicate that a pulse step timing error of order6100 ps~or a
foot power error of order65%! will be acceptable,6 even for
rather sensitive capsules. For the 20mm/ns first shock, a
6100 ps timing error corresponds to62 mm in coalescence
depth ~ignoring the difference between a change in sho
launch time and the corresponding change in overtake tim!.
For the 80mm layer thickness of these capsules,62 mm in
coalescence depth represents60.5 mm/ns or 2.5% in veloc-
ity.

In order to time the shocks for a NIF ignition capsul
5 © 2001 American Institute of Physics
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we will use an experimental analog of the technique we
to tune capsules with simulations. Instead of a series of si
lations where we adjust the pulse shape until the sho
break out from the DT ice in a tight sequence, we will pe
form a series of shock timing shots, monitoring shock c
lescence with a VISAR, and adjusting the pulse shape u
the first three shocks coalesce at the proper depth.

Figure 2 compares the shock timing target to the ignit
target. There are three important differences: First, the sh

FIG. 1. A typical laser pulse for an indirect drive ignition capsule has m
adjustable parameters. Three crucial ones are the power of the first step
the timing of the second and third steps.

FIG. 2. A VISAR shock timing target differs somewhat from the NIF ign
tion capsule it mocks up. The ablator material and thickness are iden
but the shock timing package is planar. A thick liquid D2 layer in the shock
timing package replaces the DT ice layer in the ignition capsule. The
anvil is optional and does not affect the interesting part of the shock pr
gation.
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timing package is planar, although the ablator material a
thickness are the same as the spherical capsule. Secon
hydrogen is liquid D2 in the timing package, and solid DT in
the capsule. Third, the timing package is on the hohlra
wall, while the capsule is centered. To compensate for th
differences, we may choose a slightly different coalesce
depth for the planar liquid D2 than we would for the curved
solid DT. ~The current best guess is that the D2 coalescence
depth should be equal to the DT ice layer thickness, rat
than a few microns greater.! The hohlraum designs will ob
viously be slightly different as well; we may compensate
those differences by slight modifications either in the pu
shape or in the timing target’s hohlraum. NIF ignition ca
sules are robust enough to tolerate the very small tim
errors introduced by imperfections in these compensating
justments.

The plan as described here does not address timing
fourth shock, which may require some considerations ot
than a simple extension of the VISAR measurements. T
fourth shock must overtake the first three somewhat la
introducing different timing considerations. Also, if suffi
ciently strong, and radiation temperatures behind are su
ciently high, preheat may compromise the VISAR measu
ment. In simulations, it is relatively easy to get the four
shock timed correctly, when the first three are good. If
suspect the fourth shock timing is preventing ignition
NIF, a few shots with different timing would suffice to sca
through all plausible launch times.

The first step in a NIF shock timing campaign will be
select the ablator material and thickness.~We are working on
experimental techniques for optimizing this choice.! About
six to eight shots with shock timing packages will suffice
find the pulse shape parameters which cause the first t
shocks to coalesce at the selected depth in the liquid D2 ~the
DT ice thickness in the capsule!: The first two or three shots
will adjust the strength of the first shock, and spread
second and third out beyond the required spacing. The n
step is to move the timing of the second shock back, so
it overtakes the first at the required depth; this will take a
other two or three shots. The final step is to pull back
timing of the third shock until it coalesces at the same po
as the first two. Only the position of the leading shock nee
to be measured to carry out this program; the VISAR is
ideal instrument for the job.

Nova experiments prove that a VISAR diagnostic c
measure the entire range of shock speeds with the prec
required for the shock timing job. Figure 3 shows some
the Nova data along with the leading shock speed in
liquid D2 for a detuned NIF ignition pulse~the three shocks
are intentionally spread out, as they will be during the fi
step of the timing series!. The first shock speed is 20mm/ns;
after the second shock overtakes it, the leading shock sp
jumps up to 38mm/ns; after the third shock joins, the leadin
shock is moving at 69mm/ns. The required coalescenc
depth is 80mm, with 62 mm precision. Figure 3 also show
VISAR data from three Nova shots; VISAR sees the ov
take events very clearly, and the shock speeds observe
Nova essentially span the range that the NIF observat
require.
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After the fourth shock, the leading shock speed jumps
well over 100mm/ns; the radiation precursor in front of suc
a strong shock may make a VISAR shock speed meas
ment impossible, although information about the timing
the overtake might be available.

III. NOVA VISAR EXPERIMENTS

The Nova targets were halfraums~that is, hohlraums
with only a single laser entrance hole! heated by the five
west beams of Nova, as sketched in Fig. 4. There were
different pulse shapes, a 2 ns‘‘square’’ pulse and a 6 ns
‘‘PS100’’ pulse, with wide range of drive energies for ea
pulse shape. About a dozen shots gave high quality VIS
data.

The VISAR diagnostic consists of an 808 nm probe
ser, which passes through the liquid D2 , reflects off the
shock front~or, early in time, the D2–ablator interface!, then
returns to a pair of interferometers. One leg of each inter
ometer includes a time delay, so that the light reflected fr
the shock at any time interferes with the light reflected a
slightly later time. In essence, the time delayed leg of
interferometer is shorter than the undelayed leg by the
tance the shock travels in the delay timet. Accounting for
the shortening of the vacuum wavelengthl5808 nm by the

FIG. 3. The Nova VISAR experiments cover the full range of sho
strengths required for the NIF shock timing plan. Shock overtake eve
which are the heart of the shock timing plan, show up nicely in VISAR da
The pulse in the simulated NIF shock timing data is mistimed so that
first three shocks coalesce sequentially, rather than simultaneously.

FIG. 4. Nova VISAR targets~March–May 1999! were very similar to the
proposed NIF shock timing targets.
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refractive indexn51.13 of liquid D2 , the phase difference
between the two legs is 2vnt/l. ~There is a small, subtle
additional correction.2! Hence, the phase difference is pr
portional to the shock velocityv.

One interferometer had a delay timet of 15.8 ps, the
other interferometer hadt551.7 ps. The instrument with th
longer delay time is more sensitive, and makes the high p
cision shock speed measurement. However, at 6
mm/ns/fringe, the high precision interferometer has a ph
shift of many fringes for shock speeds of 65mm/ns. The
purpose of the instrument with the shorter delay is to de
mine the integer part of the fringe shift for the high precisi
instrument. Only one plausible shock speed is consis
with the fractional part of the fringe shifts recorded by t
two interferometers. With two interferometers, the high
sensitivity instrument can make velocity measurements
within about 1.5% of the NIF first shock speed.

A VISAR is an imaging interferometer: The image o
the target forms where the two legs recombine and interf
By slightly tilting the beam splitter that recombines the leg
the phase difference can be translated into spatial fringes
fringe spacing is proportional to the tilt. Finally, a strea
camera with its slit perpendicular to the spatial fringe patt
records the image; phase and position at the target are c
bined on one axis of the final image, while time is the oth
axis. Figure 5 is the high resolution VISAR image made
shot 29040809. The triangular shape of the region where
fringes are visible results from the increasing curvature
the shock front~and the ablator! as it moves away from the
initial interface position. Late in time, only a small spot ne
the center of the shock remains parallel enough to the or
nal interface to reflect the probe all the way back to t
streak camera. Shock breakout and overtake events sho
as discontinuities in the fringe pattern. The low precisi
VISAR image made on the same shot determines the inte
part of any fringe discontinuities.

We do not have usable x-ray drive data for these sh
and most of the PS100 laser power data are comprom
~these were some of the final shots before Nova was

s,
.
e

FIG. 5. The 6.79mm/ns/fringe VISAR image from shot 29040809 is typic
high quality VISAR data. Horizontal is both position on the target a
phase; vertical is time. The discontinuities at 2 and 5.3 ns are shock brea
and coalescence, respectively. Increasing curvature of the shock front
propagates causes the triangular envelope of the fringes.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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mantled!. Furthermore, the VISAR data strongly suggest
additional problem that complicates the question of the dr
on these shots: Water ice may have condensed out of
vacuum chamber on the interior of some these cryoge
hohlraums, unpredictably altering the x-ray drive by as mu
as 10 eV. Unrelated cryogenic Nova experiments definit
had water condensation problems, and two of the VIS
shots showed a 15% difference in shock speed, despite b
identical shots on the same day with only a 1.6% differen
in incident energy according to the laser diagnostics, and
other indications of problems~such as beam clipping!.

Nevertheless, the Nova VISAR data stand on their o
merits. The VISAR technique definitely works with an ind
rectly driven ablator, at least up to drive temperatures of 1
eV. Most of the Nova shots had aluminum ablators, but o
shot had a polyimide ablator, so either metal or plastic ab
tors work. Shock coalescence events, where a stronger s
overtakes the leading shock, show up beautifully in
VISAR images; the basic idea for the NIF shock timing pl
is therefore sound. In these indirect drive experiments,
VISAR recorded shock speeds in liquid D2 ranging from 12
to 65 mm/ns, corresponding to drive temperatures rang
from 80 to 150 eV. Finally, the Nova VISAR data demo
strated an accuracy of about 0.3mm/ns~1/20 fringe!, at least
up to velocities of 30mm/ns. Thus, the Nova data verify th
accuracy and range needed for timing the first three shock
the NIF ignition targets.

Four of the shots with good VISAR data included an L
anvil in the liquid D2 , placed a precisely measured distan
from the ablator surface. The impact of the shock on the
shows up as a sudden drop in the velocity measured by
VISAR. ~The shock transmitted into the LiF is too weak
change the transparency of LiF, so the VISAR continues
reflect from the D2–LiF interface after impact. However
changes in the optical properties of the shocked LiF comp
mise the recorded interface velocity after the shock reac
the LiF.! The time integral of the VISAR velocity from
shock breakout to LiF impact must equal the known dista
from ablator to LiF; any discrepancy represents inaccurac
the VISAR measurement. Table I shows the results of th
four experiments.

High resolution VISAR data from the first three LiF an
vil shots demonstrate 1%–2% measurement accuracy. W
this Nova instrument, the error in the coalescence depth
80 mm required for the NIF shock timing series would be
mm, or at most 2mm, which is more than adequate fo
timing NIF shocks. This level of accuracy is consistent w
directly driven VISAR experiments, as well.

TABLE I. Thickness of the D2 layer compared to the integral of VISAR
speed from shock breakout to LiF impact. Uncertainties are scatter am
lineouts at various positions, not our estimate of absolute accuracy.

Shot Layer (mm! Hi-res VISAR Lo-res VISAR

29042703 116 11761 123610
29050407 113 11562 12565
29052003 222.5 22163 22365
29041305 148 ¯ 13662
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The low resolution VISAR should be a little over thre
times less accurate. In the fourth LiF anvil shot, the hi
resolution VISAR failed, and the low resolution VISAR gav
8% less than the measured distance to the anvil. This is
the 6% error that would be consistent with a claim of 2
accuracy for the high precision instrument, but there is
other possible explanation for that discrepancy: The ot
three shots had much lower drive; the highest was 29052
at about 120 eV, while shot 29041305 went up to about 1
eV drive. In simulations, the x-ray preheat of the LiF on sh
29041305 causes it to expand by several microns, while
preheat is completely negligible for the other shots. Hen
the distance traversed by the shock before impact
29041305 may actually have been somewhat less than
preshot distance from ablator to LiF. Thus, preheat ma
direct verification of VISAR accuracy at high drive difficul
However, shot 29052003 is already a stronger shock than
first shock at NIF, and the LiF impact accuracy for that sh
is unambiguous.

Even though the drive is uncertain, the Nova VISA
data compare well to simulations of the shocks. Multiplyi
a drive shape and spectrum from a crude hohlraum sim
tion by a factor chosen to match the measured shock stre
at breakout time gives a satisfactory comparison for all of
2 ns drive data. Figure 6 shows the shock speed as a func
of time for the four 2 ns drive shots with aluminum ablato
The laser turned off at 2 ns, before any of these shocks e
broke out into the D2, which is why the shock speed de
creases with time. The simulations match this decay r
quite well, with the possible exception of 29032204. T
shock was so weak for that shot, that the reflection requ
by the VISAR is probably marginal. Certainly, VISAR can
not measure shock speeds in liquid D2 any smaller than
29032204.

The shots with the 6 ns PS100 pulse shape are m
interesting. In that case, the drive is sometimes long eno
to launch a second shock. The D2 is at a very low density
compared to the aluminum~or plastic! ablator. Therefore,

ng

FIG. 6. The dark curves are VISAR data from 2 ns square pulses for
shots; the higher the drive energy, the faster the shock. Lineouts at se
positions are plotted for each shot. The light curves are simulations. X
drive multipliers force the initial shock strength to match the data in e
case, so only the breakout time and decay rate are fair measures of si
tion accuracy.
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when the first shock breaks into the D2, a strong rarefaction
wave runs back through the ablator. When this wave reac
the ablation front, the ablator begins to accelerate. If
acceleration persists, the ablator reaches a speed higher
the speed that the interface originally jumped into the D2,
launching a second shock into the D2, which eventually
overtakes the first. The VISAR records the shock coa
cence as a sudden increase in the speed of the leading s
Although the mechanism for launching this second shoc
not the same as in a NIF shock timing package, the hyd
dynamics in the D2, which the VISAR measures, is ident
cal: A second shock runs down and catches the first.

Shock overtake events occurred in shots 29040809
29052003, as the VISAR data in Fig. 7 show.~Two other
shots gave good shock coalescence data.! Figure 7 also
shows that matching the observed shock speed as a fun
of time with a simulation is much more challenging than f
the 2 ns data. The exact time of the overtake and the stre
of the combined shock depend on the details of the x-
pulse shape. The gray curves in Fig. 7 represent simulat
using several different x-ray drive histories; Fig. 8 plots t
corresponding drives. One drive shape shown for each

FIG. 7. The dark curves are VISAR data from 6 ns PS100 pulses for
shots; the higher the drive energy, the faster the shock. Lineouts at se
positions are plotted for each shot. The light curves are simulations.
various simulations correspond to the different x-ray drive histories sh
in Fig. 8.

FIG. 8. The three upper curves are the x-ray drives corresponding to
three simulations of shot 29040809 plotted in Fig. 7; the two lower cur
correspond to the two simulations of shot 29052003. The dark curves m
the VISAR shock overtake times best. The overtake time and comb
shock strength are sensitive to details of the drive shape.
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matches the observed shock speed reasonably well, bu
shock speed measurement does not uniquely determine
drive history.

Either more elaborate hohlraum models, or more ela
rate experiments, or both might corroborate the details of
x-ray drive shapes that match these VISAR data. But c
sider an alternate view: The details of the x-ray drive do
matter, either at Nova or at NIF. The point of the NIF pul
shape is to make the first three shocks coalesce at a parti
depth in the DT ice, not to reproduce some calculated x-
drive history. The planar liquid D2 shock timing package is a
good surrogate for the capsule, so a pulse that makes sh
coalesce at the proper depth in the shock timing package
be very close to the proper shape for driving the capsule.
VISAR has the accuracy and dynamic range to find t
proper pulse shape by experiment.Ab initio simulations with
comparable accuracy are unnecessary.

IV. SUMMARY

In the Nova VISAR experiments, we measured sho
velocities in liquid D2 from 12 to 65mm/ns with better than
2% accuracy. This is good enough to carry out our N
shock timing plan, so that we can experimentally find a
verify the correct pulse shape to drive an ignition capsu
VISAR experiments continue at the Omega laser in colla
ration with the Laboratory for Laser Energetics. We reco
nize the difficulty of designing a hohlraum that produces
same x-ray drive on a planar shock timing package as
ignition hohlraum produces on a capsule, given the sa
laser pulse. However we resolve this hohlraum design is
the VISAR diagnostic will allow us to directly verify that th
shocks launched by some particular pulse shape actually
lesce at the proper depth in cryogenic hydrogen. Since
coalescence is the whole reason for the fancy pulse shap
the first place, VISAR measurements give us exactly
feedback we need to experimentally find the proper pu
shape for a NIF ignition capsule.

The extraordinary precision of the VISAR shock spe
measurement may have uses beyond shock timing, as
With VISAR we can reliably distinguish shock strength d
ferences of a few percent; with care we can build targ
which are identical to even better tolerance. Hence, a VIS
diagnostic could check that a laser is delivering identi
pulses for months or years; this precision is comparable t
better than the best laser diagnostics, and independent o
evolutionary changes in either the laser or its diagnostics
target-based repeatability measurement could also serve
power balance diagnostic. Also, in conjunction with hig
precision laser diagnostics, we could perhaps study whe
random shot-to-shot shock strength variations exceed
variations in incident laser power. Any such application
VISAR would become much more attractive if it were
noncryogenic experiment. So far, VISAR has tracked
rectly driven shocks in water, plastic, and LiF; cryogenic D2

is still the only indirectly driven material.
Regardless of other possible applications, the No

VISAR experiments in cryogenic D2 verify that shocks can
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be measured with sufficient accuracy, in the appropr
range of strengths, for the case of most interest: cyroge
ignition targets.
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